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ABSTRACT 

Using a magnitude-limited, spectroscopic survey of the X-ray luminous galaxy cluster MS 1054-03, 
we isolate 153 cluster galaxies and measure MS1054's redshift and velocity dispersion to be z = 0.8307 ± 
0.0004 and az = 1156 ± 82 km s~^. The absorption-line, post-starburst ("E-l-A"), and emission-line 
galaxies respectively make up 63 ±7%, 15 ±4%, and 23 ±4% of the cluster population. With photometry 
from HST/ACS, we find that the absorption-line members define an exceptionally tight red sequence 
over a span of ^ 3.5 magnitudes in 1775: their intrinsic scatter in (Vgoe — ^775) color is only 0.048 ± 0.008, 
corresponding to a ([/ — B)z scatter of 0.041. Their color scatter is comparable to that of the ellipticals 
{crvi = 0.055 ± 0.008), but measurably smaller than that of the combined E-I-SO sample {avi = 0.072 ± 
0.010). The color scatter of MS1054's absorption-line population is approximately twice that of the 
ellipticals in Coma; this difference is consistent with passive evolution where most of the absorption-line 
members (> 75%) formed by z ~ 2, and all of them by z ~ 1.2. For red members, we find a trend 
(> 95% confidence) of weakening H(5 absorption with redder colors that we conclude is due to age: in 
MS1054, the color scatter on the red sequence is driven by differences in mean stellar age of up to ~ 1.5 
Gyr. We also generate composite spectra and estimate that the average SO in MS1054 is ~ 0.5 — 1 Gyr 
younger than the average elliptical; this difference in mean stellar age is mainly due to a number of SOs 
that are blue (18%) and/or are post-starburst systems (21%). 

Subject headings: galaxies: clusters: individual (MS 1054-03) - galaxies: elliptical and lenticular, cD - 
galaxies: fundamental parameters - galaxies: evolution 



1. INTRODUCTION 

Understanding how galaxies form and evolve in clus- 
ters continues to be a fundamental question in astronomy. 
The ages and assembly histories of galaxies in rich clus- 
ters test both stellar population models and hierarchical 
formation scenarios. Studies of the passive, red galaxies 
that dominate local cl usters show that the bulk of their 
stars formed at z > 2 (i Bower et al.lll99^ |j0rgensen et al.l 
ll999l : [lVager et a l. 2000) and indicate that the cluster pop- 
ulation has not evolved strongly in the last ~ 8 Gyr. 
However, the current paradigm of hierarchical assembly 
(|Peebleslll970() predicts that clusters continue to grow by 
accreting galaxies. Indeed, observations of clusters at 
2 > 0.3 have revealed an increasing fr action of blue, star- 
forming galaxies at higher redshift ([Butcher fc Oemleil 
119841: ICouch fc Sharpleslli987t lEllineson et al.ll200l'll 

How to link the evolving cluster populations observed at 
intermediate redshifts (0.3 < z <\) to the predominantly 
quiescent ones at z ~ is a matter of much debate. Using 



imaging from the Hubble Space Telescope, several studies 
find a deficit of SO galaxies in z > 0.4 clusters and argue 
that the observed excess of blue galax i es must evolve into 
the missing SOs (iDressler et al.l [l997t iLubin et all 120021: 



the missmg bUs 
iTran et al.i2005at 



Postman et aI.|[2005D . However, this im 



plies that SOs are younger than the ellipticals, and such a 
difference in mean age is at odds with other HST studies 
of z ~ 0.3 — 0.5 clusters that find the SOs to be as old 
as the ellipticals (|Ems et al.lll997l : iKelson et aLll2000f) . It 
may be that the fractional age difference between Es and 
SOs is negligible at z < 0.4, but that such an imprint is 
still visible at z > 0.8 when even m assive cluster g alaxies 
are at most only ~ 4 Gyr old (Thomas et al.|[2"005[ ). 

This debate raises the more general issue of how the 
color-magnitude relation, and subsequently the red se- 
quence, forms and evolves. The ellipticals and SO galax- 
ies in local clusters define a narrow ridge on the color- 
magni tude diagram that ind i cates homogeneous l y old 
ages (ISandage fc VisvanathanI Il978t iBower et all 119921 : 
iKodama et al.l Il998l ). and the low color scatter 
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the E+SO members has been confirmed to z ~ 0.9 
(jStanford et al.|[T99^ . H owever, if the ga l axy t ypes differ 
in mean stellar age {e.g. IPoggi anti et al.l l200l1. this im- 
plies that the red sequence continued to assemble after it 
was initially seeded at higher redshift (z > 2). For exam- 
ple, faint {L < L*) SOs are inferred to evolve from fading 
blue galaxies at z < 0.8, thus they appear on the red se- 
que nce at lower rcdshifts co mpared to th e more massive 
SOs (jTran et al.ll2005a : Holden et al.ll2006f ). and the result- 
ing red sequence g alaxies would have heterogenous star 
formation histories (|van Dokkum et aIlll998l :[B ower et al.l 
Il998t ). Therefore determining how the red sequence assem- 
bles by measuring, e.g. how the color scatter e volves, pro- 
vides useful tests of cluster formation models (iKauffmannl 
[T995I: iBaugh et al.l[T996t iDiaferio et al.ll200lD . 

The main challenges for studying cluster populations at 
intermediate redshifts and how they evolve are 1) isolating 
the members and 2) obtaining the high resolution imaging 
needed to determine morphologies. Although photomet- 
ric surveys have an advantage in terms of surveyed area, 
they have inherent and possibly large uncertainties due to 
field corrections. Only with spectroscopy can we confi- 
dently isolate cluster galaxies from the field. Spectroscopy 
also provides useful and independent diagnostics for sep- 
arating members into a bsorption-line, emission -line, and 
post-starburst ( "E-l- A" : iDressler fc GunnI 11983') galaxies, 
and for determining mean stellar ages to identify, e.g. the 
oldest cluster galaxies. 

Motivated by these issues, we present an extensive 
magnitude-limited spectroscopic survey of MS 1054-03, a 
massive. X-ray luminous galaxy cluster first detected in 
the E instein Medium Sensitivity Survey (|Gioia fc Luppinol 
II994D and spectro s copica lly confirmed to be at z = 0.83 
bv lPonahue et aTl (|1998f) . With m edium resolution spec- 
troscopy from Keck/LRIS (jOke et al. 1995), we isolate 153 
cluster galaxies and measure their spectral indices. We 
pair the spectrosco py with i maging from the Advanced 
Camera for Surveys ((Pord et al. 1998) that provides accu- 
rate colors and magnitudes as well as morphological types. 
To improve our spectral signal-to-noise, we also generate 
composite spectra for the different spectral and morpho- 
logical classes, and compare their spectral indices to stellar 
population models. 

Our primary goal is to trace how the red sequence assem- 
bles. To do so, we first identify the oldest cluster galaxies 
and determine whether they define a tight color-magnitude 
relation over a wide range in luminosity. We then compare 
the colors and spectral diagnostics of the different galaxy 
classes to identify any trends with, e.g. age. 

The paper is organized as follows: In §2, we describe 
the HST imaging and Keck spectroscopy, the completeness 
of our spectroscopic survey, and define the spectral types. 
We determine MS1054's mean redshift, velocity dispersion, 
virial mass, and degree of substructure in §3. We analyse 
the color-magnitude diagram in §4 and the composite spec- 
tra in §5. We discuss how the red sequence forms in §6 and 
summarize our results in §7. Throughout the paper, we 
use nM = 0.3, r^A = 0.7, and Hq = 70h km Mpc'^ 
At z — 0.83, this corresponds to a projected scale of 
7.6h^^ kpc arcsec"^. Note that we use a different value 
for Hq than in our earlier papers on MS1054. 



2. OBSERVATIONS 

2.1. HST/WFPC2 Imaging 

In May 1998, a ^ 5' x 6' mosaic of the MS 1054- 
03 field was taken with WFPC2 on the Hubble Space 
Telescope. Six slightly overlapping pointings were taken 
in both the F606W and F814W filters. A full expla- 
nation of the WFPC2 i mage reduction is described in 
Ivan Dokkum et al.l ()2000l hereafter vDOO). 

Because our spectroscopic survey was designed primar- 
ily from the WFPC2 imaging, we use the WFPC2 photom- 
etry to determine our spectroscopic completeness fi )2.4.2p . 
We measure total magnitudes and galaxy colors using SEx- 
tractor (B ertin fc Arnouts,1996i) where galaxy colors were 
measured within a 1" diameter apertures; note this is dif- 
ferent from vDOO where colors were measured within one 
effective radius. At 2 = 0.83, Veoe and Isu approximately 
correspond to redshifted U and B. We stress that we only 
use the WFPC2 photometry in §2.3. For the remainder 
of the paper, we use the magnitudes and colors measured 
from the ACS imaging. 

2.2. HST/ ACS Imaging 

For the most of our analysis, we use the photometry 
and morphological information derived from imaging taken 
with the HST Advanced Camera for Surveys (Ford et al.l 
Ll998). A 2 X 2 overlapping mosaic (5.8' x 5.8') was taken 
in F775W and F850LP in December 2002, and the same 
pattern executed in F606W in January/February 2004. A 
detailed descriptio n of th e ACS image reduction is pre- 
sented in Blakesl ee et al.l ([2006, hereafter B06). To sum- 
marize, B06 fitted the 2-D surface brightness distribution 
of each galaxy using a Sersic profile; they then measured 
AB magnitudes and colors within the effective radius. We 
use their AB magnitudes and galaxy colors in our analy- 
sis; we also adopt their nomenclature and refer to the AB 
magnitudes in F775W as 1775, and the galaxy color cor- 
responding the difference between F606W and F775W as 
{V — 1775). The characteristic A B magnitude m* for the 
cluster population is 1775 = 22.3 ()Goto et al.ll2005f ). 

All galaxies on the ACS mosaic brighter than i 775 = 23.5 
were visually classified by iPostman et al.l (j2005l . hereafter 
P05). Many of the same galaxies also were classified ear- 
fier by vDOO using the WFPC2 imaging (/g^ < 22). The 
WFPC2 i maging revealed a large n umber of galaxy-galaxy 
mergers ([van Dokkum et all Il999f) that have sin ce been 
spectroscopically confirmed bv lTran et al.l (|2005bl ). With 
the higher resolution ACS imaging, P05 were able to mor- 
phologically classify the galaxies making up these mergers, 
most of which are bulge-dominated systems. We direct the 
reader to P05 for a thorough discussion on the morpholog- 
ical classifications and comparisons between the two sur- 
veys. For our analysis, we use the Hubble types assigned 
by P05 but also note the merging systems identified by 
vDOO. P05 assigned the following morphological types: 
elliptical (-5 < T < -3); SO (-2 < T < 0); and spi- 
ral-|-irregular (1 < T < 10). The Hubble types as well 
as ACS photometry for the cluster galaxies are listed in 
Table 1. 

2.3. Transforming to Rest-frame Johnson Filters 
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Throughout most of this paper, we use observed AB col- 
ors and magnitudes from ACS; as stated in B06, this en- 
ables us to preserve the model- independence of our results. 
However, we do use rest-frame colors and magnitudes for 
part of our analysis, and we follow BOG to transform be- 
tween the observed ACS filters and redshifted Johnson fil- 
ters. In B06, the ACS/WFC photometry is transformed by 
computing standard UBV rest-frame colors and observed 
ACS/WFC system colors for the same mo dels redshifted 
to z = 0.83. From B06 and lJee et an(|2005D . we transform 
observed Vgoe, 1775, and zsbo to rest- frame Johnson colors 
and magnitudes using: 

= 2775-0.16(z775 -Z85o)'-0.22(i775-Z85o) + 0.73 (1) 



(C/-B),= 0.85(1/606 -^775) - 1.01 



(2) 



Z85o) - 0.91 



Thus 

(^606 

son [U - B) 



{U - V), = 0.95(1/606 

to transform the color scatter in 
~ *775) (hereafter we use V to refer to V606) to John 



(3) 

e.g. observed 



we simply multiply by 0.85. 



2.4. 
2.4.1. 



Keck/LRIS Spectroscopy 
Observations & Reduction 



To reduce the spectra, we follow iTran et all (|1999D and 
use IRAF [3 routines with custom software provided by 
L. Simard and D. Kelson. IRAF was used to subtract the 
bias, remove the hot pixels, and correct the y-distortion. 
The spectra were then cleaned of cosmic rays using soft- 
ware written by L. Simard: cosmic rays were detected by 
determining a median value of a rectangular region sur- 
rounding each pixel and using a rejection threshold of 
WaccD- This approach circumvents spurious removal of 
strong night sky lines. 

The spectra were flat-fielded, rectified, wavelength cali- 
brated, and sky-subtracted using Expector (Kelson 1991). 
Because the Tektronix CCD has severe fringing at A > 
7500 A, multiple flat-fields were taken throughout each 
night; the flat-fields producing the lowest residuals were 
used. The wavelength solution for each slitlet was deter- 
mine d from the night sky lines; the list of night sky lines 
from lOsterbrock et al.l (|l996l ) was used. The spectra were 
corrected for the telluric atmospheric A and B bands by 
using the spectrum of a bright blue star included on all 
the masks; the blue star also was used to roughly flux cal- 
ibrate the data and remove fine structure introduced by 
the grating. 

The ID spectra were extracted by summing the central 
five rows (central 1.075") of each 2D spectrum. The ob- 
served wavelength coverage of the 711 targets depended 
on the grating and slitlet position, but was typically 
6000 — 9500A. For most cluster galaxies, this includes the 
[Oil] A3727 doublet and 4000A break as well as the US 
and II7 lines. 

We refer the reader to iTran et aTl ([20053) f or details on 
how redshifts were measured using XCSAO (iKurtz et al.l 
Il992f) . Typical redshift errors from the cross-correlation 
routine were ~ 30 km s"""^. However, these quoted errors 
tend to underestimate the true errors because they do not 
account for systematic uncertainties. To better quantify 
the errors, we compare the redshifts for 34 cluster galaxies 
that were observed in multiple masks. The median differ- 
ence in the measured redshifts for these galaxies is 0.0003 
(50 km s"^). 

Including serendipitous objects, the final catalog has 
redshifts for 433 unique objects: 31 stars, 153 cluster 
galaxies, and 249 field galaxies. The redshift distribution 
for the galaxies at < 2; < 1 are shown in Figure. [T] All 
redshifts were given a quality fiag where Qz = i denotes 
multiple features ("definite"), Qz = 2 denotes redshifts 
with one strong feature and a weaker one ("probable"), 
and Qz = i denotes only one feature ("estimate"). In our 
analysis, we consider only members with a redshift quality 
flag of Qz = 3; this reduces the total cluster sample to 129 
members, of which 121 fafl on the HST/WFPC2 mosaic 
and 120 on the HST/ACS mosaic (Table 1). We also list 
the 24 galaxies that are likely to be MS1054 members but 
that have = 2 or 1 in Table 1. Redshifts for the 31 
stars and 249 field galaxies will be published in Magee et 
al. (2007). 

2.4.2. Completeness & Selection Effects 

In the following discusson on completeness and selec- 
tion effects, we consider only the objects that fall on the 

IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research 
in Astronomy, Inc., under cooperative agreement with the National Science Foundation. 



Using the Lo w Resolution Imaging Spectogram (LRIS; 
lOke et anil995l ) on Keck, we carried out a spectroscopic 
survey of the MS1054 field from February 1997 to June 
2001; the spectra were collected during six observing runs. 
To select targets for the multi-slit masks, two object cat- 
alogs were used. The first catalog was created from a 900 
second Keck / image (1" seeing) centered on the Brightest 
Cluster Gala xy ( BCG). Objects were detected with FO- 
CAS IValded (f!982l) and / magnitudes determined for a 3" 
diameter aperture. Spectra taken in February 1997 and 
February 1998 were selected from the Keck / catalog and 
are of objects with I < 20.5; the BCG has / = 17.5 mag. 
No morphological selection was applied. 

After obtaining our wide-field HST/WFPC2 imaging in 
May 1998, a second object catalog was generated. Objects 
were detected and best magnitudes de termined from the 
WFPC2 /814 mosaic using SExtractor iBertin fc Arnout"i 
([1991 : the BCG has /814 = 19.5 mag. Spectroscopic tar- 
gets for runs in January, February, and March 1999 as well 
as June 2001 were selected from the HST/WFPC2 object 
catalog. As in the earlier runs, target selection was based 
primarily on magnitude (/) 



814 



< 23.5) and not color; in 
only one mask was morphology used to select targets as 
we wished to obtain redshifts of close galaxy pairs. 

A total of 20 multi-sht masks (field of view ~ 7' x 7') 
containing 711 targets were observed; many objects were 
observed in multiple masks. The multi-slit masks included 
both masks designed to measure redshifts (toxp ~ 2000 
sec) and masks to measure internal velocity dispersions 
{texp > 10000 sec) with redshift fillers; many of the tar- 
gets were observed in multiple masks. The slits were 1" 
wide and, depending on the grating used, the spectral res- 
olution (FWHM) ranged from 9 — 13A with higher spectral 
resolution (5 — 6A) used for the dispersion masks. 
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WFPC2 mosaic because most of the spectroscopic survey 
was designed using the WFPC2 catalog (see ^2.1\i . We con- 
sider the possibility of 1) magnitude bias due the inherent 
difficulty of measuring redshifts for fainter objects and 2) 
color bias due to redshifts being more easily measured for 
galaxies with emission lines. 

By comparing the number of galaxies in the WFPC2 
photometric catalog to the number of spectroscopic targets 
and acquired redshifts, we investigate the comp leteness of 
our su rvey by following the analysis described in lYee et"al1 
(|1996( ). Figure[2]shows the sampling rate, success rate, and 
completeness of our sample as a function of /814. The sam- 
pling rate, defined as the number of spectroscopic targets 
divided by the number of galaxies in the WFPC2 catalog, 
remains > 50% to /814 = 22. The success rate, defined as 
the number of acquired redshifts divided by the number of 
targets, is even higher at > 90% to /814 — 22. 

The magnitude selection function C{m), also known as 
the completeness, is a measure of the magnitude bias and is 
shown in the bottom of Fig. [2l C(m) is the product of the 
sampling and success rates, and it is defined as the number 
of redshifts divided by the number of galaxies in the pho- 
tometric catalog. Redshifts for 8 of the 26 objects brighter 
than the BCG were not obtained because of a geometric 
bias against objects at the edges of the WFPC2 mosaic. 
As we focus on cluster galaxies and these eight are clearly 
not members, this is is not a concern. Incompleteness at 
/814 > 22.0 is due mainly to sparse sampling rather than 
an inability to measure redshifts at these magni tudes; this 
is a common characteris tic of redshift surveys (jYee et al.l 
119961: iFisher et"aI]|l998D . For the cluster population, we 
are > 75% complete at /814 <= 21.2 (m* : iHoekstra et all 
[2OOOI) 

To determine if our redshift sample is biased against 
faint, red (passive) galaxies, we compare (Vgoe — -^814) of 
the galaxies in the WFPC2 catalog to the subset with mea- 
sured redshifts; because this is more of a concern at fainter 
magnitudes, we focus on objects with 21 < J814 < 23. 
Figure [3] shows the (Vgoe — ^814) distributions for galax- 
ies in the WFPC2 catalog, the subset with measured red- 
shifts, and the cluster galaxies. To remove the bias in- 
troduced by sparse sampling at fainter magnitudes, we 
also determine the weighted color distribution of the red- 
shift sample (Vgoe — Isi4:)wz- In this distribution, each 
galaxy is weighted by the inverse of the magnitude selec- 
tion function C(m). A pplying the Kolmogorov-Smirnov 
test (iPress et"al]|l992[ ) shows that (Vgoe — I8i4)wz is in- 
distinguishable from (Vfjoe— -^814) for galaxies in the WFPC 
catalog. After correcting for sparse sampling, there is no 
measurable bias against faint, passive galaxies in our spec- 
troscopic survey. 

2.4.3. Equivalent Widths & Spectral Types 

We measure the equivalent widths (EW) of [OII]A3727, 
H(5 , and H7 u si ng th e sam e spectral b andpas ses used 
in iFisher et al.l (|1998D and iTran et al.l (|2003al [200li)- 
Although H/3 is included in the wavelength range for 
most of the cluster galaxies, in most cases it is compro- 
mi sed by strong sky lines. T he bandpasses are based 
on lWorthev fc Ottavianil (|1997f) . but the continuum side- 
bands have been moved further away from the line center 
because these sidebands overlap with the absorption lines 



for post-starburst galaxies. In our analysis, we adopt the 
convention that emission lines have negative EW values 
and absorption lines have positive EW values. 

We separate the cluster galaxies into three spectral 
types: 1) absorption-line members with no significant 
[Oil] emission (> —5 A) and no strong Balmer absorption 
[(H5-FH7)/2 < 4 A]; 2) emission-line members with strong 
[Oil] emission (< -5A); and 3) post-starburst ("E-l-A") 
members that have very weak or no [Oil] emission (> 
—5 A) and strong Balmer absorption [(II(5-fH7)/2 > 4 A]. 
The measured equivalent widths are listed by spectral type 
in Table 1. Figure SI plots [Oil] versus Balmer values for 
115 members (five of the 120 members with ACS imaging 
do not have measured [Oil]). 

3. CLUSTER CHARACTERISTICS 

3.1. Redshift, Velocity Dispersion, & Virial Mass 

In our spectroscopic catalog of 433 objects in the 
MS1054 field, we identify 153 galaxies with redshifts 
0.80 < z < 0.86; considering only the cluster galaxies with 
redshift quality flags oi = 3 leaves 129 individual mem- 
bers. The cluster galaxies define a strong peak in redshift 
space (Fig. ID). 

Us ing the biweight and jacknife methods (|Beers et al.l 
[1993), we measure the mean redshift and line of sight ve- 
locity dispersion of the 129 members to be 2; = 0.8307 ± 
0.0004 and cr^ = 1156 ±82 km s~^ MS1054's velocity dis- 
persi on and X-ray temperature (8.6 ±1.1 keV; iGioia et "aTl 
|2004[ ) are consistent with no evolution in the (Tz — Tx re- 
lation to z = 0.83. 

To estimat e MS1054's virial mass, we follow 

iRamella et al.l ()l989f ) and first determine the cluster's 
virial radius using: 



Hv = -rr- sm { 

-no 



Nm[N^ - 1) 



EE' 



3>i 



(4) 

where V is the mean velocity of the cluster, Nm is the 
number of members, and 9ij the angular separation be- 
tween the i'^ and j*^ members. With Ry, we can then 
estimate the mass using 



Mv = 



da^Rv 
G 



(5) 



where Uz is the line of sight velocity dispersion and G the 
gravitational constant. 

Using the 129 members, MS1054's virial radius is 
l.%h~^ Mpc (231") and, using a bootstrap to resam- 
ple the data-set 1000 times, we estimate the associated 
error to be 0.1 Mpc. The corresponding virial mass is 
3.3 X IO^^Mq and, adding the errors due to measuring 
the velocity dispersion and Ry in quadrature, the total 
error on the virial mass is 0.6 x IO^^Mq. Our result is 
co nsistent with bot h the weak-lensing and X-ray analyses 
bv lJee et al.l (pOOl : assuming a single isothermal sphere, 
they measure a virial radius from the ACS weak-lensing 
map of 1.5 ± O.l/z.-^ Mpc and from the Chandra X-ray 
map of 1.7 ±0.2/1-1 Mpc. 
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3.2. Substructure 

Although MS 1054-03 falls on the cr^ - Tx relation, it is 
not a virialized structure: X-ray studies have shown that 
the cluster contains two bright clumps, and weak-lensing 
anal yses have revealed at least three distinct mass peaks 



e.q.lHoekstra et al 



20001 : iJeltema et al.ll200l l :lGioia et all 



12004 1 Jee et al.ll2005 ) . The spatial distribution of the con- 
firmed members is shown in Fig. [S] where we have separated 
members by galaxy class. We find that the cluster galaxies 
trace the same elongated and clumpy structure that is seen 
in both the X-ray and weak-lensing mass maps; in Fig. (SJ 
we overlay the c luster gal axies onto the ACS weak-lensing 



Jee et al. (2005) and the XMM-Newton 



Gioia et all (|2004 ) 



mass map from 
X-ray map from 

To quantify the degree of subs tructure in MS1054 
we u se the Dressier- Shectman test ([Dressier fc ShectmanI 
Il988t ). By using redshifts and spatial positions, the D-S 
test quantifies how much the local mean redshift and veloc- 
ity dispersion (as defined by the ten nearest neighbors to 
each galaxy) deviate from the cluster's global values. Us- 
ing biweight measures of redshift and velocity dispersion 
in the D-S test, we find that the degree of substructure in 
MS1054 is significant at the > 95% level. 

4. COLOR-MAGNITUDE RELATION 

The color-magnitude diagram is a powerful tool for trac- 
ing the relative (stellar) ages and the homogeneity o f the 
different galaxy populations (e.g. iBower et al.lll99 2'). In 
our analysis, we consider only the 120 members that lie on 
the ACS mosaic with redshift quality flags of 3 (see N2.4.ip . 
This ensures that we include only the cluster galaxies with 
measured colors, magnitudes, and Hubble types from the 
ACS imaging. We group the members into the three spec- 
tral types defined in i )2.4.3l as well as the three morpho- 
logical types classified by P05: elliptical (—5 < T < —3), 
SO (-2 < T < 0), and spiral-Hirregular (T > 1). The spa- 
tial distributions of the different galaxy classes are shown 
in Fig. \5\ Of these 120 members, 115 are also assigned 
spectral types. 

4.1. Fitting the Color- Magnitude Relation 

In Fig. [7| (left panels), we show the color-magnitude 
(CM) diagram where the 115 (120) members are separated 
into the different spectral (morphological) types. Here we 
use the AB 1775 magnitudes and {V — 1775) colors measured 
by B06. The colors are measured within a circular effec- 
tive radius, and the measurement errors on the colors are 
S{V — 1775) ^ 0.02 for members brighter than 1775 = 22.5 
and S{V — 1775) ~ 0.03 for fainter members. 

To fit the CM relation and determine the scatter in color, 
we use the absorption- line members. From Fig. [7] (left pan- 
els), we see that these members define a narrow sequence 
over ~ 3.5 magnitudes: their deviation from the CM rela- 
tion (quantified as A{V — 1775)) measured by B06 is less 
than 0.2. To determine the CM relation defined by the 
red absorption- line members, we exclude the five galax- 
ies that clearly deviate from the CM relation and use the 
remaining 67 absorption- line members to determine that: 

{V - 4775) = 1.602 - 0.024(^775 - 22) (6) 
Compared to BOG, who fit the CM relation using only the 



ellipticals, we find a slightly flatter slope; however, this dif- 
ference is within the errors (B06 quote an error of 0.014, 
and we estimate a comparable error). If we use only the 
62 absorption-line members with |A(y — 1775)] < 0.1, the 
slope is —0.032. 

In Fig. [7] (right panels), we show the difference between 
the measured color and the color predicted from our fitted 
CM relation for the different galaxy classes. We consider 
A{V — ijTs) = —0.2 to be the division between red and 
blue galaxies. The measured offset and scatter in color for 
the different galaxy classes are listed in Table [5] the offset 
and scatter were deter mined using the b iweight estimate 
and scale, respectively (jBeers et al.lll990D . Following B06, 
we also determine the intrinsic scatter in color (tTi„t) by 
correcting for measurement errors. Included in Table [5] are 
the mean (1^ — 1775) and («775 — ^gso) colors, where both are 
also determined using the biweight estimate. The uncer- 
tainties in the offset, scatter, and colors were determined 
by bootstrap resampling (biweight estimate of 5000 real- 
izations). Changing the slope, e.g. from —0.024 to —0.032, 
has neglible impact on the measured color offsets and scat- 
ters; the differences are within the quoted errors. 

At z — 0.83, the observed (1^-1775) and (T^ — zsso) colors 
correspond very closely to Johnson {U — B)z a nd (U — V)z. 
For comparison to earlier work on Coma (jBower et al.l 
[19921: [Terlevich etahl [200l[ ) and MS1054 (vDOO), we in- 
clude CM diagrams for these rest-frame colors (Fig. [5|). 
Again we fit the CM relation using the 67 red absorption- 
line members: 

(C/-B)^ = 0.364- 0.021(5^ - 22) (7) 

{U - V), = 1.232 - 0.053(V; - 22) (8) 

The CM relation in {U — B)^ is consistent with that de- 
termined by vDOO for MS1054 using WFPC2 photometry 
of 30 E-I-SO members. As noted in ^2.31 the color scatter 
in observed [V — i-jj^) is easily transformed to {U — B)^ 
by multiplying by 0.85. 

4.2. Absorption- Line Members: A Uniformly Tight Red 

Sequence 

In our spectroscopic sample, 63 ± 7% of the members 
are absorption line galaxies. The absorption-line members 
define a strikingly narrow sequence along the CM relation: 
virtually all of these galaxies (67/72) have A{V — 1775) > 
—0.2; the few that are blue are consistent with the associ- 
ated error on the measured absorption-line fraction. 

The intrinsic scatter in color for the absorption-line 
members is extremely small; it is comparable to that of the 
morphologically classified ellipticals {avi = 0.048 ± 0.009 
vs. 0.055±0.008; Table [2|). We note that most galaxy 
cluster surveys at z > 0.5 do not have the high res- 
olution space-based imaging needed to separate ellipti- 
cals from SOs. If we consider instead the ellipticals and 
SOs together as a single class, their intrinsic color scatter 
{o'Vi = 0.072 ± 0.010) is measurably larger than that of 
the absorption- line members. 

For the red absorption-line members, the scatter in color 
remains small over the observed magnitude range: it is es- 
sentially the same for both bright and faint members (Ta- 
ble dj). In contrast, the scatter in color for the faint red 
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the present epoch (e.q. lBower et aLlll998^ ■ Thus the cur- 
rent generation of E+As will increase the absorption-line 
fraction by a substantial amount 15%). 

One notable E-l-A is the unusually red SO member 
H3910. As discussed in B06, H3910's colors suggest that 
there was starburst ^ 0.5 Gyr ago and that the galaxy 
is currently heavily obscurred by dust. This is consistent 
with the post-starburst nature of H3910's spectrum. It 
is also possible that the dust in H3910 is obscurring any 
current star formation, as is observed in a han dful of post- 
starburst galaxies in a cluster at z — 0.41 (jSmail et al.l 
1999). 

For the remainder of the paper, we use the terms E-t-A 
and post-starburst interchangeably. However, we recog- 
nize that there is some ambiguity given that 1) truncated 
star formation can also produce an E-f A and 2) even if 
there was a burst, there is no guarantee that there will 
not be another one in the future. A more generic term 
would be post-starforming galaxy, but we use the adopted 
terminology to emphasize the rapid truncation in star for- 
mation that is required, regardless of the star formation 
history leading up to it. 

4.4. Emission-Line Members 

In MS1054, the emission-line members make up 23 ±4% 
of the cluster population and they tend to have bluer colors 
than both the absorption-line and E-l-A members. How- 
ever, not all of the emission-line members arc blue: 7/26 
have A{V — 1775) > —0.2. In addition, all of these red 
emission-line members are fainter than 1775 — 22 and have 
early-type morphologies. We note that a similar popu- 
lation of emission-line, red, early-type members also has 
been found in C10152 (z = 0.837; Homcier ct al. 200^. 
Color cuts, even when combined with morphological clas- 
sifications, cannot separate emission from absorption-line 
members, especially at fainter luminosities. 

The emission-line members have the largest color offset 
and scatter of all the galaxy classes; their color scatter 
is even larger than that of the morphologically classified 
Sp-hIrr members (0.407 ± 0.064 vs. 0.273 ± 0.065). Com- 
paring their mean colors (Table ^ to the solar metallic- 
ity models from B06 indicates that a typical emission-line 
member is ~ 1.5 — 2 Gyr younger than the absorption-line 
members and has had some combination of continuous or 
bursting star formation. Most of these galaxies (> 75%) 
will fade into faint {L < L*) members. This is supported 
by their internal velocity dispersions (cxmass): ~ 80% of 
the emission-line members have estimated internal velocity 
dispersion^ of < 100 km s^^ (Fig- H])- Assuming they 
evolve into low-mass early-type members, their younger 
mean stellar ages relative to the more massive early-types 
are consistent with trends observed in lower redshift clus- 
ters, e.g. Coma and Abell 2218 (jPoggianti et all l200il: 
fSmail et al.l[200lh . 

4.5. The Morphological Types: Elliptical, SO, & 
Spiral+ Irregular Members 

Using the morphological types assigned by P05, we find 
that the ellipticals in MS1054 define a tight red sequence 
that is comparable to that of the absorption-line members 

" Fo llowing ITran et all Il2003bl) . we use measured internal velocity dispersions (ctic) for 27 of the members (errors < 50 km s ^: IWuvts et al.l 
120041) and estimated a\D for the remainder. 



ellipticals is ~ 50% larger than for the bright red ellipti- 
cals. In this comparison, we have excluded any absorption 
or elliptical members with A{V — 1775) < —0.2 to ensure 
that the color scatter is not inflated by blue outliers 

The tightness of the CM relation for the absorption- 
line members demonstrates that their stellar populations 
are uniformly old; the intrinsic scatter in (V — 4775) cor- 
responds to ajjBz of only 0.041. Comparing this small 
color scatter to the mix ed star formation models from 
Ivan Dokkum et all ()1998[ ) indicates that all star forma- 
tion ceased by 2; ~ 1.2, and that most of these members 
(> 75%) formed by z ~ 2. This is consistent with the 
mean stellar ages we estimate from their colors: compar- 
ing to the single stellar burst models (solar metallicity) in 
B06, their mean {V — 1775) and (1775 — zsso) colors corre- 
spond to mean stellar ages of ^ 3 Gyr. 

In MS1054, we see that spectroscopy with even a gener- 
ous color cut of A(y — 1775) > —0.2 is extremely effective 
at identifying a homogeneously old population that follows 
the fitted CM relation over a factor of ~ 25 in luminosity. 
Our survey shows that selecting by spectral type can be 
better at isolating a uniformly old galaxy population than 
with only either color or morphological cuts, especially 
over a wide range in luminosity at z > 0.8. 

4.3. Post-Starburst (E+A) Members 

Post-starburst galaxies, often referred to as E-l-A or k-l-a 
galaxies, are galaxies where star formation has been trun- 
cated. E +As make up 5 — 20% of the galaxies in z > 0.3 
clusters dDr essler fc Gunn' ^19831: 'Cou ch &: Sharplei [1981 
iDressler eTal. .1999; ,Tran ct al. 2003E3), but whether the 
E-l-A phase plays an important role in the evolution 
of early-type members remains a poin t of contention 
(jBalogh et all 119991 : IDressler et all |2004| ). This is pri- 
marily because E-|-As can only be identified spectroscop- 
ically and, being a sho rt-lived phenomenon (< 1.5 Gyr; 
ICouch fc Sharpleslll987[ ). they are relatively rare. 

In MS1054, we find that the E-|-As make up 15 ± 
4% of the cluster populati on; this is consistent with 
the fraction published in iTran et al] (jloolj). An 
E-l-A spectrum can be produced via several star for- 
mation histories: while most commonly associated 
with a combination of a starburst that ended within 
the l ast ~ 1.5 Gyr and a n older stellar popula- 
tion (IDress ler fc G unnI 119831: ICouch fc Sharif Il987t 
iBarger et ai.,,1996: .Poggianti et al.lll999D . E-|-As can also 
result from continuous star formation that was truncated 
(|Newberrv et al.lll990D . This combined with variations in 
the stellar mass produced in the most recent star forma- 
tion episode leads to E-f As that can span a range in mean 
stellar age, and thus the E-|-As should have a larger scatter 
in color compared to the absorption-line members. 

The E-|-As in MS1054 have an intrinsic color scatter that 
is three times larger than that of the absorption-line pop- 
ulation: cry, = 0.152 ± 0.052 vs. 0.048 ± 0.009 (Table 
However, the relative age differences and corresponding 
scatter in color will diminish as the E-|-As evolve. As- 
suming no further star formation, the E-|-As observed at 
z = 0.83 {(JuBz = 0.129) will he on the CM relation and 
be indistinguishable from the absorption-line members by 
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(Fig. [71 Tabled]). In comparison, the intrinsic color scat- 
ter for the SOs is twice that of both the ellipticals and the 
absorption-line members (Table [2]); this is true even if we 
compare only the brightest (^775 < 22) SOs to the brightest 
ellipticals and absorption-line members. However, the in- 
creased color scatter for the SO sample is primarily due to a 
small fraction of blue SOs; most of the SOs (28/39; 72%) are 
as red as the ellipticals and absorption- line members. If we 
consider only members with A{V — ^775) > —0.1, the in- 
trinsic color scatter for the absorption-line, elliptical, and 
SO samples are comparable: 0.044 ± 0.011, 0.040 ± 0.011, 
and 0.047 ±0.018, respectively. 

The differences in the color scatters indicate that, on av- 
erage, the ellipticals are more uniform in age than the SOs. 
Dust can also play a role by making some of the SOs redder 
(as in the case of H3910; see §4.3); dust would decrease the 
mean color offset for the SOs, but the SOs would still re- 
tain a larger color scatter. Unlike the ellipticals, a number 
of the SOs are blue (7/39; 18%) and/or are post-starburst 
systems (8/39; 21%); this suggests that the SOs and ellip- 
ticals are not drawn from the same parent population. We 
return to this issue in iJ51 

Note that all seven of the blue SOs are fainter than 
1775 = 22; assuming these SOs will evolve onto the red 
sequence at z < 0.8, they will remain L < L* members. 
The resulting younger mean ages for the faint SOs is con- 
sistent with the difference in mean age between the brig ht 
ellipticals and faint SOs in Coma (jPoggianti et al.|[2001l ). 

As reported in vDOO, the Spiral-|-Irregular members 
have the largest color offset and scatter of the morpho- 
logical classes (Table [2|). However, several of the bright 
Sp-|-Irr are red and considered to be absorption-line or 
post-starburst systems (see Fig. [7]). Again we see that the 
combination of color and morphology does not consistently 
correspond to recent star formation: many of the Sp-|-Irr 
members are red and/or absorption- line systems, and vice 
versa for the SO members. 

4.6. Color Scatter in Rest-frame Johnson Filters 

In our analysis, we prefer to use observed ACS colors 
to preserve the model-independence of our results. How- 
ever, we include rest-frame Johnson colors so that we can 
compare to the color scatter measured in, e.g. Coma. In 
Table [31 we list the mean color offset and color scatter in 
([/ — V)z for the galaxy classes. As described earlier, the 
CM relation is fitted to the 67 red absorption-line mem- 
bers. 

The differences in the (U — V)z offset and scatter be- 
tween the galaxy classes are consistent with our earlier 
results using observed (1^ — 1775): the absorption-line mem- 
bers define the tightest red sequence with an intrinsic 
o'uvz = 0.083 ± 0.012. The elliptical-only sample also 
has a small {U — V)z scatter of 0.087 ± 0.015. In compar- 
ison, the SO-only sample has a color scatter that is nearly 
twice as large {auvz — 0.187 ± 0.063); this increases the 
{U — V)z scatter for the E-I-SO population as a whole to 
0.110 ± 0.020. However, we again note that the larger SO 
scatter is mainly due to a number of SOs (~ 20%) that 
are blue, and that most of the SOs are as red (old) as the 
elliptical and absorption- line members (see Fig. [5]). 

The absorption-line members in MS1054 have an in- 
trinsic {U — V)z scatter that is more than twice as 



large as that of the Coma ellipticals {uuv = 0.036 ± 
0.020; iTerlevich et al.l [20011) . If the current generation 
of absorption-line members in MS1054 continue to evolve 
passively, their [U — V)z scatter will decrease consid- 
erably over the next ~ 7 Gyr, the look-back time to 
z = 0.8 3. Comparing to the mix ed star formation mod- 
els from Ivan Dokkum et al.l (|1998[ ). we see that in models 
where all activity ceases by z ^ 1.2 the color scatter de- 
creases by approximately a factor of three between z ~ 0.8 
and z 0. Thus by z 0, the absorption-line mem- 
bers in MS1054 will have as small a color scatter as the 
Coma ellipticals. This decrease in the {U — V) scatter is 
also consistent wit h the mixed s t ar for mation histories for 
Coma modeled by iBower et al.l (|1998D . The absorption- 
line galaxies in MS1054 will evolve into the oldest members 
of local clusters. 

5. COMPOSITE CLUSTER SPECTRA 

To investigate the global properties of the cluster pop- 
ulation, we combine the spectra of the 120 members by 
galaxy type. We first normalize each ID spectrum to unity 
over rest-frame 4200 — 4600A and then take an average 
because we are interested in a representative spectrum for 
each galaxy type. We then remove spuriously high pixel 
values due to, e.g. contamination by sky lines, by smooth- 
ing the average spectrum using a large window, subtract- 
ing this smoothed spectrum, and removing pixel values 
that are 30% larger. The composite spectra for the spec- 
tral and morphological classes are shown in Fig. [TUl 

For each composite spectrum, we measure the same 
spectral indices defined in >j2.4.3l We determine errors by 
bootstrapping 1000 realizations for each galaxy class us- 
ing the base set, and then measuring the same indices in 
the generated composite spectra; the error is the biweight 
scale of the resulting distribution divided by -y/iVg. 

As part of our analysis, we also measure USa 
and £)jv(4000) using the bandpasses defined in 
iKauffmann et all (|2003l hereafter K03). US a and 
DAr(4000) were developed by K03 as a method to de- 
tect starbursts that occurred within the past 1 — 2 Gyr 
and thus better quantify the star formation histories of 
the local galaxies in the Sloan survey. With our com- 
posite spectra, we can robustly measure both of these 
spectral diagnostics and compare them directly to K03's 
libr ary of different star formation histories generated us- 
ing iBruzual fc CharlotI (|2003l hereafter BC03) models. 
We list the measured spectral indices in Table [H 

5.1. The Spectral Types: Absorption-line, Post-Starburst, 
& Emission-line 

In Fig. [TUl (top) J we show the composite spectra for 
the absorption- line, post-starburst (E-l-A), and emission- 
line members. The composite spectra have the features 
that are typically associated with the different types: the 
absorption-line spectrum has the strong G-band absorp- 
tion that results from a stell ar population dominat ed by 
F and G type stars {e.g. see iGunn fc Strvkeilll983l ): the 
E-l-A spectrum is similar to the absorption-line one, but 
with stronger H(5 and H7 absorption due to more recent 
star formation (< 2 Gyr); and the emission- line spectrum 
shows [OH] emission that presumably is associated with 
current star formation. 
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Using the Sloan survey, iDressler et alj (|2004[ ) showed 
that the strong H(5 absorption coupled with no [Oil] emis- 
sion observed in distant clusters cannot be reproduced by a 
mix of local star formation histories, j.e by star formation 
that is quenched over long (> 1 Gyr) timescales. Rather, 
more intense star formation such as bursts are required. 
Given their strong Balmer absorption, we expect such a 
starburst phase for the E+As. The emission- line mem- 
bers also show strong Balmer absorption indicative of a 
recent spate of star formation in addition to the current 
level of activity. Even the absorption-line members have 
weak US A absorption ('^ 0.5 A), a value consistent with a 
mean stellar age of ~ 2.8 Gyr (KC03). 

5.2. The Morphological Types: Elliptical, SO, & 
Spiral- Irregular 

In Fig. [To] (bottom), we show composite spectra for the 
combined early-type sample as well as for the elliptical, SO, 
and Spiral-|-Irregular members. The combined early- type 
sample shows absorption that is measurably stronger 
than in the absorption-line spectrum {116 = 2.5 vs. 1.7; 
Tabled]). Assuming that the stronger US absorption is due 
to more recent star formation, the morphologically classi- 
fied E-I-SO members are not as homogeneously old as the 
absorption-line population. 

Because the ACS imaging allows us to separate the ellip- 
ticals and SOs, we can compare their individual composite 
spectra to search for any differences in their mean stel- 
lar populations, i.e. any trends introduced by the blue SOs 
(see S]). Note that K-S tests confirm the ellipticals and SOs 
have indistinguishable 1775 and aio distributions, i.e. any 
differences between the two composite spectra are unlikely 
to be due to other factors such as the mass-metallicity re- 
lation. 

The USa absorption in the SOs is nearly 2A stronger 
and their _D at (4000) index lower than in the ellipticals. 
Surprisingly, the SO spectrum also shows weak [Oil] emis- 
sion, a sign of ongoing star formation. These differences 
are consistent with the larger scatter in color exhibited by 
the SOs compared to the ellipticals (fjll Table [2]), and are 
due mostly to the SOs that are blue (7/39; 18%). Compar- 
ing as A and DAr(4000) to the single burst model (solar 
metallicity; KC03) shows an age difference of ~ 0.5 — 1 
Gyr. 

Is there still a difference between the ellipticals and SOs 
if we exclude the seven faint, blue SOs? To test this, we 
generate composite spectra for the bright, red ellipticals 
and SOs (i775 < 22; A{V - 1775) > -0.2; Table H]). The 
mean luminosities of both sets are identical (1775 = 21.4), 
thus we can be sure that any differences in the spectral 
indices are not due to a luminosity effect. 

A surprisingly high fraction (30%; 4/13) of the bright, 
red SOs are post-starburst sytems. This leads to the com- 
posite SO spectrum having both stronger US a absorption 
and lower Dn{4:Q0Q) than the composite spectrum of the 
bright, red ellipticals. Because USa is a more sensitive 
tracer of relative age than £'jv(4000) in the range of mean 
stellar ages probed here (1 — 3 Gyr; K03), we use RSa and 
estimate an age difference of ~ 0.5 Gyr. Thus even the 
composite spectrum of the bright, red SOs corresponds to 
a younger mean age than that of the bright, red ellipticals. 

In concert, these results indicate that on average, the 



SOs are younger (by ~ 0.5 — 1 Gyr) and less homogeneous 
in age than the ellipticals; this age difference is consistent 
with the measured color offset between SO and ellip tical 
galax ies in a cluster at z = 1.106 (At ~ 1 Gvr: ,Mei et al.l 
[200I . However, we note that even a difference in age of 
1 Gyr at z = 0.8 will have faded and not be detectable by 
the current epoch, i.e. 7 Gyr later. 

Although separating ellipticals from SOs is challenging 
and there is usually considerable contamination between 
the two types, we find that the ellipticals and SOs in 
MS1054 are not drawn from the same parent population: 
while many of the SOs are as old as the ellipticals, there 
are a number of SOs that are blue (18%) and/or have a 
post-starburst signature (21%). Our results confirm that 
an average elliptical in MS1054 is younger than an aver- 
age SO, and that it is possible to reliably separate ellip- 
ticals and SOs at z — 0.83 with high resolution imaging 
(- 0.4/1-1 

5.3. Red Mergers 

For completeness, we include a brief analysis of the 
members that are in red, merging systems. MS1054's un- 
usually high fraction of red galaxy-galaxy merge rs (~ 17%) 
was first reported by Ivan Dokkum et~al] (1999) and later 
spectroscopically confirmed bv iTran et al.. (2005a) . The 
composite s pectrum of the 17 red merging members from 
iTran et al.l (|2005aD is included in Fig. [10] (bottom), and 
the corresponding spectral indices listed in Table [1] The 
red merger spectrum is essentially identical to both the 
composite absorption-line and elliptical spectrum, and it 
has similar values for US a and DAr(4000). These spec- 
tral diagnostics reinforce our previous conclusions that the 
galaxies in these red, merging systems are dominated by 
an old stellar population with no ongoing star formation, 
and that most of the massive galaxies in MS1054 evolved 
from dissipationless mergers. 

5.4. HSa vs. Z? at (4000); Comparing Star Formation 
Histories 

In Fig. [Til we plot RSa - Dn {^000) for the different 
spectral and morphological types; the figure also includes 
the models, both for mixed star formation histories (dots) 
and a single burst (curve), from K03. The mixed star for- 
mation histories include combinations of continuous star 
formation with random bursts of varying strength. To ze- 
roeth order, DAr(4000) traces the mass-to-light ratio such 
that galaxies with larger (M/L) ratios, i.e. those domi- 
nated by older stars, have higher Z? a? (4000) indices. How- 
ever, at fixed DAr(4000), galaxies with stronger HSa ab- 
sorption have a higher fraction of young stars and there- 
fore smaller {M/L) ratios. Combining Z?jv(4000) with RSa 
thus enables us to better gauge whether a galaxy has ex- 
perienced a burst within the last 2 Gyr, and whether this 
recent episode increased the stellar mass significantly. 

Immediately apparent from the top panel of Fig. [TT] 
is that the recent (< 1.5 Gyr) star formation histories 
of the absorption-line, post-starburst, and emission-line 
members are very different. Assuming solar metallicity, 
we find that the indices for the composite absorption-line 
spectrum are consistent with a single starburst that is 
~ 2.8 Gyr old [zf ^ 1.8). The indices for the composite 
post-starburst spectrum are also consistent with a single 
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starburst, but one that is only ^ 1.6 Gyr old {zf ~ 1.2). 
In comparison, the indices for the emission-line spectrum 
differ from a single starburst and indicate a continuous 
and/or bursting star formation history (see K03) where 
the mean stellar age is ^ 0.4 Gyr {zf ^ 0.9). 

Fig.[Tl]also shows H(5a— -DAr(4000) for the morphological 
types (bottom panel). The composite elliptical spectrum 
has US A and 13 at (4000) values comparable to those of the 
absorption-line spectrum. This mirrors the result from 
their colors that the elliptical and absorption-line galaxies 
are the oldest members (see 35). In comparison, the SOs 
have stronger US a absorption and lower 13 jv (4000), con- 
sistent with our conclusion that the SOs have had more 
recent star formation and are not as uniformly old as the 
absorption-line members. 

The US A — Dn{AOOO) values of the composite 
absorption-line spectrum confirm that these are the old- 
est galaxies in MS1054, a result that is consistent with 
their small scatter in color (see Q; only stellar popula- 
tions (solar metallicity) with mean ages > 2.5 Gyr can 
have DAr(4000) > 1.65 and HSa < 0.5A (K03). Using 
US A — Dn{40QQ) reinforces our conclusion that selecting 
by spectral type alone is most effective at isolating a ho- 
mogeneously old population. 

6. SIGNS OF AGE ON THE RED SEQUENCE: 
GALAXY COLOR & hS ABSORPTION 

With our spectral survey, we are able to identify a uni- 
formly old population of galaxies in MS1054: in terms 
of both their spectral and photometric properties, the 
absorption-line members are older and more homogeneous 
in mean stellar age than the post-starburst, emission- 
line, and morphologically classified E-I-SO members. The 
absorption-line members make up 63% of the current clus- 
ter population, span a wide range in luminosity (factor of 
25), and have a small scatter in color. Spectral diagnos- 
tics show that the composite absorption-line member has 
a mean stellar age of 2.8 Gyr {zf 1.8). 

However, many of the cluster galaxies continue to evolve 
in color, morphology, and spectral line strength, i.e. the 
red sequence continues to assemble. A significant fraction 
(~ 15%) of MS1054's members are post-starburst systems 
that are likely to evolve into absorption-line members, 
and there are a number of spectroscopically confirmed 
red merg ers that can only e volve into massive, passive 
members (|van Dokkum et al: 1999; Tran et al. 2005a). In 
the following, we compare different subsets of the clus- 
ter galaxies to further illustrate how the red sequence in 
MS1054 has evolved since z ^ 1.8, and how it continues 
to be populated at z < 0.83. 

6.1. A Correlation Between HSa & Color Offset 

To test for variations in relative age between the 
absorption-line population and other members on the red 
sequence, e.g. the E+As, we consider how the HSa equiva- 
lent width varies as a function of offset in (1^ — 4775) for the 
cluster galaxies. Because there may be a trend in HSa with 
magnitude due to, e. g. the metallicity-luminosity relation 
(|Gallazzi et al.l I2006D , we normalize HSa by subtracting 
from the measured US EW the Hi5^ — 1775 relation where 
the latter is determined by a least-squares fit to the red 
absorption-line members: 



HSa 0.047 - 1.670(^775 - 22) (9) 

We note that this trend between HSa and 2775 is not sta- 
tistically significant using a Spearman rank test. However, 
we use the normalized HS, hereafter referred to as AHSa, 
to ensure the robustness of our results. 

Fig. [T2] (right panels) highlights the impressively tight 
color distribution of the absorption-line population: 92% 
(66/72) of the absorption-line members have A(y— ^775) > 
—0.1. The ellipticals also show a tight color distribution 
with 89% (49/55) having A(y -1775) > -0.1. In compar- 
ison, only 72% (28/39) of the SOs are as red. 

Fig. [T^] (left panels) reveals that even on the red se- 
quence, there is a trend between color deviation and HSa 
absorption. We fit a least squares to AH(5^ vs. A{V — irrd) 
for all of the members with —0.2 < A{V — 1775) < 0.2 and 
fTi£) > 150 km s~^; the lower limit on the internal veloc- 
ity dispersion provides a mass-limited sample and ensures 
that we are not introducing a luminosity bias into the fit. 
With these 52 members, we find that: 

Ai/^A = 1-13- 19.93A(1/-Z775) (10) 

The Spearman rank test ([Press et al.lll99d ) confirms that 
the trend of weakening HS absorption with redder colors is 
significant with > 95% confidence. In terms of how large 
the age variations are for such a relatively small difference 
in color, we note that a member with {V — 1775) = 1.6 is 
older than a member with (V— 1775) = 1.5 by ~ 1 Gyr; this 
is determined by comparing the corresponding {U — B)z 
values of 0.35 and 0.27 to a BC03 single burst model (solar 
metallicity; B06). 

Assuming that the observed trend between weaken- 
ing H^^ absorption and redder colors is due to differ- 
ences in mean steller age implies that even amongst the 
absorption-line members, there is a trend in age with 
color. To test whether this is the case, we separate the 
red absorption-line members into two smaller bins that 
straddle A{V - ^775) = [bin size of A{V - 1775) = 0.1]. 
We generate composite spectra for these two subsets and 
measure their spectral indices (Table S]). 

The composite spectrum for the absorption-line mem- 
bers that are redder than the CM relation [0 < A{V — 
^775) < 0.1; 36 members] has an HSa EW of O.lA (es- 
sentially none) and Dn{AOOO) = 1.73 (the highest value 
for any composite spectrum). If we use color, HSa, and 
-D AT (4000) as proxies for mean stellar age, this would imply 
that 1) the absorption-line members with colors that are 
redder than the fitted CM relation are the oldest members 
and 2) any absorption-line members with more recent star 
formation will consequently be bluer and have stronger 
HSa absorption as well as a lower DAr(4000) index. We 
see this is exactly the case in MS1054: the composite spec- 
trum for the absorption-line members that are bluer than 
the CM relation [-0.1 < A{V - 1775) < 0; 25 members] 
has a measurably stronger H^^ EW of 1.0 A and lower 
£> AT (4000) of 1.66. Equally remarkable is that the adja- 
cent color bin [—0.2 < A{V — ^775) < —0.1] is dominated 
by post-starburst members and thus has even stronger HSa 
absorption fFig. [T2|l . 

6.2. Explaining the Correlation: Age vs. Metallicity 
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While the correlation between redder colors and weaken- 
ing US A absor ption can result from v ariations in either age 
or metallicity (jTerlevich et al.iri999f ). our observations in- 
dicate that age is the underlying cause because: 1) The 1775 
magnitude distributions of the absorption-line members in 
the two color bins are indistinguishable (K-S test), thus we 
are not inadvertently dividing the members into high/low 
metallicity groups corresponding to bright/faint members; 
2) As a precaution, we have already removed any possible 
trend of H^^ with magnitude by subtracting the US a— 1775 
relation from the measured value; and 3) Most compelling 
is that of the 10 members with — 0.2 < A(V^ — 1775 

) < -0.1, 

six are post-starburst systems and two have strong Balmer 
absorption and only weak (0[II]~ 5 — 7A) emission, mean- 
ing they too experienced a recent starburst. If the trend 
between USa and color is due to metallicity rather than 
age, one would not expect this color bin to be dominated 
by post-starburst systems, i.e. galaxies that definitely have 
younger mean stellar ages. 

To further test our hypothesis that the observed trend 
between USa and color offset is due to variations in age, 
we compare our results to two simple models: Case 1) 
assuming a constant age of 3 Gyr and allowing the metal- 
licity to change from Z = Zq at = 20 to Z = 0.2Zq at 
Bz — 24; and Case 2) assuming constant solar metallicity 
and allowing the age to change from 3 Gyr at B^ — 20 to 
1.4 Gyr at B^ = 24. We use the BC03 models with the 
Padova 1994 evolutionary tracks and the Chabrier initial 
mass function to fit the following relations for Case 1: 



HSa = -0.075 -I- 0.640(^2 - 20) 
A(y - 1775) = -0.055(5^ - 20) 
and for Case 2: 

HSa = -0.075 + 0.959(5^ - 20) 
A{V - ^775) - -0.047(5, - 20) 



(11) 
(12) 

(13) 
(14) 

Figure [13] shows how the HSa absorption and color off- 
set vary for the two models. Both models show similar 
trends of weakening HSa absorption with redder colors. 
However, the observed trend is best matched by Case 2 
where metallicity is constant {Z = Zq) and age varies 
(1.4 — 3 Gyr). For Case 1, it is possible to steepen the 
H(5^ — A(y — 2775) trend to better match the data, but this 
would require metallicities significantly lower (< 0.2Zq) 
than that measured for e arly-type galaxies in the local 
universe (Z = 0.8 - 1.6Zrr^: iGallazzi et al.|[2006l) . 

We have presented several lines of evidence support- 
ing a trend between HSa and color offset that is due 
to age variations alone. However, we acknowledge that 
we cannot exclude metallicity as the underlying cause, 
either in part or in full, at a statistically robust level. 
For example, the least-squares fit defined by the reddest 
[A{V — 4775) > —0.1] members has a slightly flatter slope 
(m = —16.94) and thus does not deviate as strongly from 
Case 1. Only by measuring the spectral indices needed to 
disentangle age and metallicity can this issue be fully re- 
solved; such an analysis is beyond the scope of this paper. 

6.3. Estimating the Age Variations on the Red Sequence 



We conclude that the color scatter in MS1054's red se- 
quence is driven by differences in mean stellar age. To 
estimate the age difference bracketed by the oldest and 
youngest average red sequence member at z = 0.83, we 
use the Hi5^ and DAr(4000) values from the composite 
spectra of the reddest absorption-line members and the 
E-I-As (Table 15). For the A{V - 1775) > absorption-line 
spectrum, comparing both diagnostics to the single burst 
model (K03) shows that they have a mean age of ~ 3 
Gyr while the E+As have a mean age of 1.6 Gyr. As- 
suming no future star formation, the current population 
of E-|-As will evolve into absorp tion-line menibers that lie 
on the red sequence in < 2 Gv r (iBarger et al.] 'l996V Both 
Ivan Dokkum et al.l (|1998[ ) and lBower et all (| 1998. ) confirm 



using mixed star formation models that color scatter de- 
creases rapidly as long as most of the members (> 75%) 
formed at higher redshifts (z > 2). Considering the large 
lookback time to 2; = 0.83 (7 Gyr), the larger color scat- 
ter introduced by the E-|-As will decrease and be indistin- 
guishable from that of the absorption- line members by the 
present epoch. 

7. SUMMARY & CONCLUSIONS 

We present an extensive spectroscopic survey of 
MS 1054-03 using observations collected with Keck/LRIS. 
From our magnitude limited survey, we isolate 129 {Qz = 
3) cluster galaxies and measure MS1054's redshift and ve- 
locity dispersion to be z = 0.8307 ± 0.0004 and (t, = 
1156 ± 82 km s"^ We estimate MS1054's virial radius 
and mass to be 1.8±0.1h-^ Mpc and 3.3 ±0.6 x lO^^Mg, 
but note that the cluster has a significant amount of sub- 
structure. The absorption-hne, post-starburst (E-l-A), and 
emission-line galaxies make up 63 ± 7%, 15 ± 4%, and 
23 ± 4% of the cluster population, respectively. 

Combining our spectroscopy with magnitudes, co lors, 
and Hubble types from HST/ ACS imaging (Postman et al.l 
l2005t iBlakeslee et all \20m . we compare the different 
galaxy classes. In the color-magnitude diagram, the 
absorption-line members define a tight red sequence over 
a span of 3.5 magnitudes: their intrinsic scatter in 
{V — 1775) color is only 0.048 ± 0.009, corresponding to a 
scatter in Johnson {U — B)z of 0.041. The color scatter for 
the absorption-line members is comparable to that of the 
morphologically classified ellipticals {avi — 0.055 ±0.008), 
but it is measurably smaller than that of the combined 
E+SO sample {avi = 0.072 ± 0.010). Our survey demon- 
strates that spectroscopy is extremely effective at identi- 
fying a homogeneously old population over a wide range 
in luminosity (L > 0.5L*), especially at z > 0.8 where 
visually separating ellipticals and SOs becomes quite chal- 
lenging. 

In MS1054, the scatter in {U - V)z for both the 
absorption-line and elliptical members is more than twice 
that of the ellipticals in Coma: ajjvz — 0.091 ± 0.009 vs. 
<^uvz = 0.036 ± 0.020. The difference in the color scatter 
is consistent with passive evolution of a population where 
most of the absorption-line men i bers (> 75%) forrn ed by 
z ~ 2 (jvan Dokkum et al.|[T998l : iBower et"anil998D . and 
all of them by z ^ 1.2. The absorption-line galaxies in 
MS1054 are likely to evolve into the oldest members of 
local clusters such as Coma. 

Our analysis indicates that the color scatter on the red 
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sequence in MS1054 is due to differences in mean stellar 
age. Considering only red [A{V — 1775) > —0.2] members, 
we find a trend (> 95% confidence) between weakening 
H(5 absorption and redder colors that we conclude is due 
to age. We estimate that red sequence members differ in 
mean stellar age by up to 1.5 Gyr. However, such a 
difference in mean age and the resulting increase in color 
scatter are both negligible by the present epoch given the 
lookback time to z = 0.83 of ~ 7 Gyr. 

The current generation of transitional members, e.g. the 
E+As and red mergers, include luminous/massive galaxies 
that will populate the red sequence across a wide range in 
luminosity. However, assuming that the red sequence con- 
tinues to acquire more members at z < 0.83 as blue mem- 
bers fade and redden, we note that these later additions to 
the red sequence will be mostly faint (L < L*), low- mass 
{(7iD < 100 km s~^) members. The current deficit of mor- 
phologically classified ellipticals and SOs in particular sug- 
gests that most of thes e later addit i ons to t he red sequence 
will evolve into SOs (iTran et al.l l2005at iPostman et al.l 
120051: iHolden et al]|2006f ). This would result in a differ- 
ence in mean stellar age between the bright ellipticals and 
the faint SOs, but such a di fference is observed i n lower 
redshift clusters, e.g. Coma (jPoggianti et al.|[200l[ ). 

Lastly, we generate composite spectra for the different 
galaxy classes and measure their spectral indices, e.g. US a 
and Z? TV (4000). Both color and spectral indices confirm 
that the composite absorption-line spectrum has the old- 



est mean stellar population ('^ 3 Gyr), and that the com- 
posite elliptical spectrum is equally as old. Remarkably, 
the spectral diagnostics also indicate that the composite 
SO spectrum is ~ 0.5 — 1 Gyr younger than the composite 
elliptical spectrum. This is due to the fact that while most 
of the SOs are as red (old) as the elhpticals, ~ 18% are blue 
and ~ 21% are also post-starburst systems. The difference 
in mean stellar age between an average elliptical and SO 
in MS1054 is consistent with the age difference implied by 
the color offset obser ved between elli pticals and SOs in a 
cluster at z = 1.106 ()Mei et al.ll2006[ ). Although there is 
likely to be some mixing when separating ellipticals and 
SOs, our results show that at least in MS1054 at z = 0.83, 
the average elliptical is measurably older than the average 
SO member. 
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3 


B156 


23.54 


0.843 





-186.0 


12.4 


-34.7 


8.0 


8.6 


5.5 


5.1 


6.6 


17 


H7186 


0.8246 


3 


B24 


22.80 


0.811 


-1 


-203.5 


24.1 


-26.3 


3.3 


5.1 


2.7 


8.4 


4.0 


18 


H7333 


0.8446 


3 


B2926 


24.04 


0.254 


8 


-119.9 


127.8 


-42.7 


10.0 


18.2 


11.9 






9 


H7335 


0.8280 


3 


B215 


22.16 


0.806 


4 


-174.8 


5.6 


-33.5 


5.3 


10.5 


3.8 


2.5 


5.9 


32 



No Measured [Oil] 



Table 1 — Continued 



HST# 


z 






b 

«775 


{V - 


T-type'^ 


A(RA)'i 


A(Dec)'^ 


OIF 


± 




± 


H7'= 


± 




H1942 


0.8310 


3 


B3652 


22.01 


1.578 


-1 


99.2 


-38.5 










-1.1 


1.0 


164 


H2203 


0.8314 


3 


B4049 


22.80 


1.574 


-2 


85.9 


-41.0 






0.4 


2.4 


-4.0 


3.1 


116 


H6688 


0.8353 


3 


B846 


21.32 


1.628 


-5 


-91.6 


-42.0 






1.3 


1.0 


1.7 


1.2 


2741^ 


H6690 


0.8241 


3 


B3003 


22.50 


1.366 


4 


-85.4 


91.7 






-0.5 


1.8 


2.5 


2.3 




H7228 


0.8049 


3 


B308 


23.77 


1.425 


-5 


-108.9 


-70.0 






4.4 


9.4 


1.8 


9.1 


65 


Probable Members 
































H7901 


0.8310 


2 


B311 


22.93 


0.686 


3 


-175.7 


11.3 


-4.4 


2.8 


3.4 


2.9 


12.9 


4.0 




H7210 


0.8270 


2 


B732 


23.24 


0.880 


3 


-184.4 


54.6 


-31.3 


9.6 


14.6 


6.4 


6.7 


8.4 




H7076 


0.8456 


2 


B2225 


23.44 


0.626 


-1 


-104.5 


65.7 


-0.8 


7.1 


24.6 


8.9 


10.4 


12.1 




H6829 


0.8294 


2 


B2898 


23.05 


0.740 


1 


-91.2 


92.0 


-43.2 


6.6 


1.2 


4.9 


5.1 


5.5 




H6065 


0.8253 


2 


B3692 


22.21 


1.167 


6 


-58.2 


150.4 


-11.2 


3.5 


5.9 


2.9 


0.4 


3.4 




H5922 


0.8318 


2 


B4717 


23.40 


1.358 


8 


-60.2 


102.5 


-7.3 


4.6 


8.0 


4.0 


-1.1 


7.4 




H5555 


0.8209 


2 


B2577 


22.45 


1.551 


-4 


-38.0 


8.1 


0.6 


2.2 


4.0 


2.3 


-4.2 


2.8 




H4165 


0.8315 


2 


B5048 


23.61 


1.153 


-4 


18.2 


-11.2 


5.2 


4.7 


5.9 


4.9 


17.1 


6.4 




H3447 


0.8381 


2 


B2873 


23.12 


1.445 


3 


45.6 


-74.7 


-3.8 


3.6 


-5.6 


2.7 


-11.5 


2.9 




H3356 


0.8358 


2 


B2896 


22.97 


1.446 


-4 


49.0 


-79.0 


3.6 


3.3 


1.7 


3.0 


10.0 


3.8 




H2746 


0.8307 


2 


B4063 


23.09 


1.468 


-2 


70.0 


-22.9 


1.2 


10.6 


24.6 


10.2 


-6.2 


14.6 




H2467 


0.8433 


2 


B5472 


23.37 


1.620 


-4 


77.7 


24.1 


5.0 


5.9 


12.9 


4.2 


-2.4 


6.5 




HI 724 


0.8374 


2 


B8312 


22.72 


1.635 


-1 


111.0 


9.4 


-11.4 


7.4 


7.1 


4.3 


5.7 


5.1 




H925 


0.8245 


2 


B5532 


22.88 


1.662 


-1 


151.9 


-62.0 


-1.9 


2.5 


-6.5 


2.2 


9.6 


2.3 




H426 


0.8263 


2 


B7431 


22.78 


1.279 


-1 


186.6 


-14.5 


-4.7 


4.3 


6.3 


4.1 


8.6 


5.5 




H7603 


0.8288 


1 


B1192 


23.55 


0.708 


3 


-140.6 


39.4 


-57.5 


19.1 


5.7 


11.0 








H7212 


0.8283 


1 


B632 


23.10 


0.662 


4 


-180.3 


47.3 


-40.7 


5.2 


8.5 


3.7 


-1.5 


5.6 




H6993 


0.8291 


1 


B2484 


23.74 


0.688 


3 


-100.5 


78.1 






14.3 


11.5 


19.1 


9.1 




H6663 


0.8372 


1 


B2240 


23.67 


0.789 





-84.4 


41.5 


-32.0 


9.0 


-15.3 


12.8 


9.8 


13.2 




H5990 


0.8334 


1 


B5082 


22.70 


0.442 


8 


-67.5 


89.5 


-8.6 


3.3 


-1.0 


4.7 


0.3 


5.9 




H5935 


0.8369 


1 


B2547 


22.60 


1.026 


3 


-53.6 


27.5 


-0.7 


2.9 


5.9 


2.7 


2.3 


3.2 




H5545 


0.8229 


1 


B2356 


23.66 


0.499 


8 


-36.6 


-5.9 










45.8 


14.9 




H4028 


0.8286 


1 


B5447 


22.46 


0.847 


3 


29.6 


83.3 


-80.7 


23.9 


-5.4 


8.9 


-13.9 


8.4 




H1266 


0.8264 


1 


B8107 


23.37 


0.665 


-1 


135.8 


-3.2 


-32.2 


5.4 


-4.8 


4.2 


-0.6 


4.3 





''In our analysis, we consider only members with a redshift quality flag of 3. The typical redshift errors from the cross-correlation are ^ 30 
km s^^, and we find that the median error estimated from galaxies observed in multiple masks is 50 km s~^. Candidate members with Qz = 2 or 
1 are listed at the end of the table. 

The identification number and corresponding ACS photometry for the cluster galaxies are from iBlakeslee et"aLl ()2006[ ) ; magnitudes and colors 
(AB system) are measured within an effective radius determined from fitting 2-D Sersic profiles. At z = 0.83, ijj^ and {V — itj^) closely correspond 
to rest-frame B and [U — B). 

^Ths morphol ogical types as assigned b y iPostman et al.l (|2005[ ) using the ACS imaging; members that are also visually classified to be part of a 
merging system (|van Dokkum et a"ni2000[ ) have "(99)". 

'^The relative offset in arcseconds determined with respect to the brightest cluster galaxy (II4520); the BCG's J2000 coordinates are (10''57™00^.0, 
-3°37'36".2). Positive A(RA) is west and positive A(Dec) is north. 

"Equivalent widths and their errors are in A; the indices are determined using the same bandpasses as lFisher et al.l ()1998D . 

^The 27 members where the internal velocity dispersion (km s^^) is measured directly (jWuvts et al.l 1200^ ar e daggered and ha ve errors of 
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Table 2 

Observed (V — 1775): Mean Color Offset and Scatter 



Gciliixy Typ6^ 


AT 




Offset' 


3 






b 

s 






^171 


c 

t 




< V - 


— I 


775 


< «775 - 




z s> 


Absorption 


72 


0, 


,001 


± 


0, 


,007 


0, 


.056 


± 


0, 


.006 


0. 


,048 


± 


0. 


,009 


1 


.605 


± 


0, 


.007 


0. 


,675 


± 


0, 


.008 


Absorption: Red, Brighf* 


37 


0, 


,000 


± 


0, 


,008 


0, 


.050 


± 


0. 


.007 


0. 


,047 


± 


0. 


,008 


1 


.616 




0, 


.009 


0. 


,694 


± 


0, 


.013 


Absorption; Red, Fainf^ 


30 


-0, 


,003 


± 


0. 


,012 


0, 


.060 


± 


0, 


.008 


0. 


,055 


± 


0. 


,009 


1 


.587 


± 


0, 


.013 


0. 


,664 


± 


0, 


.010 


E+A 


17 


-0, 


,082 


± 


0, 


,040 


0, 


.168 


± 


0, 


.050 


0. 


152 


± 


0. 


,052 


1 


.528 


± 


0, 


.038 


0. 


,531 


± 


0, 


.045 


Emission 


26 


-0, 


,535 


± 


0. 


103 


0, 


.417 


± 


0, 


.063 


0. 


,407 


± 


0. 


,064 


1 


.054 


± 


0. 


.104 


0. 


,351 


± 


0, 


.048 


E+SO 


94 


-0, 


,009 


± 


0. 


,009 


0, 


.078 


± 


0, 


.009 


0. 


,072 


± 


0. 


,010 


1 


.595 


± 


0. 


.009 


0. 


,673 


± 


0, 


.009 


Elliptical Only 


55 


-0, 


Oil 


± 


0. 


,009 


0, 


.063 


± 


0, 


.008 


0. 


,055 


± 


0. 


.008 


1 


.592 


± 


0. 


.011 


0. 


,675 


± 


0, 


.009 


Elliptical: Red, Brighf^ 


29 


-0, 


,008 


± 


0. 


,012 


0, 


.049 


± 


0, 


.010 


0. 


,045 


± 


0. 


Oil 


1 


.607 


± 


0. 


.011 


0. 


,697 


± 


0, 


.016 


Elliptical: Red, Fainf^ 


25 


-0, 


,025 


± 


0. 


,019 


0, 


.077 




0, 


Oil 


0. 


,071 


± 


0. 


,013 


1 


.560 


± 


0. 


.026 


0. 


,651 


± 


0, 


.013 


SO Only 


39 


-0, 


,005 


± 


0. 


,022 


0, 


.112 


± 


0, 


.030 


0. 


102 


± 


0. 


.032 


1 


.595 


± 


0. 


.025 


0. 


,659 


± 


0, 


.049 


SO: Red, Brighf^ 


13 


0, 


,016 


± 


0. 


,030 


0, 


.091 




0, 


.042 


0. 


,085 


± 


0. 


.042 


1 


.623 


± 


0. 


.037 


0. 


,700 


± 


0, 


.032 


SO: Red, Fainf^ 


19 


-0, 


,002 


± 


0. 


,024 


0, 


.075 




0, 


.017 


0. 


,068 


± 


0. 


.018 


1 


.596 


± 


0. 


.024 


0. 


,671 


± 


0, 


.028 


Spiral+Irr 


26 


-0, 


,501 


± 


0. 


,089 


0, 


.395 




0, 


.064 


0. 


,273 


± 


0. 


.065 


1 


.096 


± 


0, 


.085 


0. 


,364 


± 


0, 


.036 



^Spectral types were assig ned using [OII]A3727 , H(5, and H7 (see i|2. 4.31 1. Morphological types were classified using 
HST/ACS imaging (see ^Ol IPostman et al.|[2005h . 

''The m ean offset and ob served scatter in {V — 4775) as well as the mean colors were determined using the biweight 
estimator l|Beers et al.lll990D . 

"^Following B06, we correct the observed scatter in color for measurement errors. 

''Galaxies are red if A(V — 4775) > —0.2. We divide the members into bright and faint samples using 1775 = 22 (note 
that = 22.3: IGoto et al.ll2005 ). 



Table 3 

Redshifted ({/ — V)z'- Mean Color Offset and Scatter'' 



Galaxy Type^ 






Offset'^ 










1 


Absorption 


72 


0, 


.000+0, 


,011 


0, 


,091+0, 


,009 


0.083+0. 


.012 


E+A 


17 


-0, 


,192+0, 


,084 


0, 


,282+0, 


,041 


0.266+0. 


.044 


Emission 


26 


-0, 


.779+0, 


,129 


0, 


,564+0, 


,076 


0.554+0. 


.077 


E+SO 


94 


0, 


.005+0, 


,012 


0, 


,116+0, 


,019 


0.110+0. 


.020 


Elliptical Only 


55 


-0, 


.006+0, 


,015 


0, 


,095+0, 


,013 


0.087+0. 


.015 


SO Only 


39 


0, 


,010+0, 


,043 


0, 


,197+0, 


,062 


0.187+0. 


.063 


Spiral+Irregular 


26 


-0, 


,742+0, 


,109 


0, 


,497+0, 


,072 


0.485+0. 


.073 



^The CM relation was determined using the same 67 red absorption- 
line members as the CM relation used in Tabled 

''Spectral types were assigned using [OIIJA3727, US, and H7 (see 
>i2.4.3p . Mor phological types w ere classified using HST/ACS imaging 
(see ^ iPostnlan et alj|2005t ) . 

■^The mean offset and observed scatter in [U — V)z as well as the 
mean colors were determined using the biweight estimator (|Beers et alj 
I1990D . 

"^Following B06, we correct the observed scatter in color for measure- 
ment errors. 
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Table 4 
Indices of Composite Spectra 



Galaxy Typ 


e 


TV/ 


[OII]^^ 




H(5'^^ 










zd 


£> AT (4000) 


Absorption 




71 


0.7±0 





1 


7±0 








2±0 


1 





5±0 





1 


67±0.00 


Abs, 0.0 < A{V - 


«775) < 0.1 


36 


0.2±0 


1 


1 


3±0 


1 





3±0 


1 





1±0 


1 


1 


73±0.00 


Abs, -0.1 < A(y - 


Z775) < 0.0 


25 


l.OiO 


1 


2 


1±0 


1 


1 


2±0 


1 


1 


0±0 


1 


1 


66±0.01 


E+A 




17 


-0.4±0 


2 


5 


7±0 


2 


5 


9±0 


1 


4 


4±0 


2 


1 


55±0.01 


Emission 




26 


-24.6±0 


6 


3 


8±0 


1 


-4 


4±0 


8 


4 


2±0 


2 


1 


24±0.01 


E+SO 




90 


-0.9±0 


1 


2 


5±0 








8±0 


1 


1 


4±0 





1 


62±0.00 


Elliptical 




53 


-O.liO 


1 


1 


9±0 


1 





8±0 


1 





7±0 


1 


1 


66±0.00 


Elliptical: Red, Bri^ 


;ht'' 


28 


-O.OiO 


1 


2 


2±0 


1 





7±0 


1 


1 


3±0 


1 


1 


70±0.01 


SO 




37 


-2.2±0 


3 


3 


3±0 


1 





5±0 


2 


2 


5±0 


1 


1 


58±0.01 


SO: Red, Bright<= 




12 


0.4±0 


1 


3 


1±0 


2 


2 


4±0 


2 


2 


5±0 


2 


1 


67±0.02 


Sp+Irr 




25 


-23.1±1 


1 


3 


6±0 


2 


-1 


8±1 


1 


3 


8±0 


2 


1 


27±0.01 


Red Mergers* 




17 


0.9±0 


1 


2 


5±0 


2 





4±0 


6 





5±0 


2 


1 


70±0.01 


Field E+As 




6 


-1.5±0 


4 


4 


6±0 


2 


4 


9±0 


3 


4 


3±0 


2 


1 


36±0.02 



''The number of individual spectra combined to determine the composite spectrum; the five cluster 
galaxies that do not have measured [OII]A3727 are excluded. 



We use the same bandpasses defined in iFisher et al.l (|1998l ) to measure these spectral indices; 
the equivalent widths are in A. The continuum sidebands are further way from the line center than 
those used for measuring, e.g. R6a, to accommodate the wider wings of strong Balmer absorption. 

'^The errors were determined by generating 1000 composite spectra from the base set for each 
galaxy type by bootstrap, measuring the same spectral line, taking the biweight scale of the distri- 
bution (Beers et al. 199fl), and dividing that scale by yjNg. 

To compare to the star formation histories in iKauffmann et all (|2003[ ). we use their defined 
bandpasses to measure RSa (A) and £> AT (4000). 

°As in Table[2l members are bright and red if 1775 < 22 and /S.{V — 1775) > —0.2. 

* Compos ite spectrum of the 17 members that are spectroscopically confirmed to be in red, merging 
systems by iTran et al.l (|2005a^ 

sComposite field E+A spectrum (0.3 < z < 1; z = 0.6) from lTran et al.l (|2004l ). 
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Fig. 1. — From our catalog of 433 rcdshifts in the MS1054 field, wc show the redshift distribution of the 307 galaxies at < z < 1 with 
quality flags of 3 (top), and an expanded view of the 129 galaxies {Qz = 3) that are in MS1054 (bottom). Using these 129 members, MS1054's 
mean redshift and velocity dispersion are z = 0.8307 ± 0.0004 and = 1156 ± 82 km s"!, respectively. 
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Fig. 2. — Top: The sampling rate, defined as the number of spectroscopic targets divided by the number of galaxies in the photometric 
catalog, is shown as a function of magnitude (bin size ±0.5 mags); we consider only objects on the WFPC2 mosaic. The BCG's magnitude 
(7814 = 19.5) is indicated by the arrow. Middle: The number of acquired redshifts divided by the number of targets: at 7814 = 22 (dotted 
line), the success rate remains ~ 90%. Bottom: The completeness, defined as the number of redshifts divided by the number of galaxies in the 
photometric catalog: incompleteness at the faint end is due to sparse sampling and not the inability to measure redshifts of targeted galaxies. 
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Fig. 3. The color distribution (Vfjoe — -^814) of all galaxies in the WFPC2 catalog with 21 < /814 < 23; the bin size is 0.2. Bottom: The 
(Veoe — I8i4)z distribution for all galaxies on the WFPC2 mosaic with redshifts (solid line) as well as cluster members on the mosaic (hatched) 
in the same magnitude range. We include the weighted color distribution (Veoe — Isi4)wz (dotted) of the redshift sample where each galaxy 
is weighted by the inverse of the magnitude selection function C{m). A K-S test finds (Vgoe — I8i4)wz is indistinguishable from (Vgoe —^814)) 
i.e. there is no measurable bias against faint red (passive) galaxies in the spectroscopic sample after correcting for sparse sampling. 
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Fig. 4. — The distribution of [OII]A3727 versus Balmer line for 115 cluster galaxies (five of the members with ACS imaging do not have 
measured [Oil]). The dotted lines denote the division between the three spectral types: emission-line, absorption-line, and post-starburst 
(E-l-A) galaxies. The symbols denote the three morphological classes assigned by P05: elliptical (—5 < T < —3), SO (—2 < T < 0), and 
spiral-(-irregular (T > 1). 
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Fig. 5. — Spatial distribution of the 120 galaxies in MS1054 with ACS imaging. The coordinates are relative to the BCG (H4520) and are 
in arcseconds; the x-axis corrresponds to right ascension (—east, +west) and the y-axis to declination (—south, +north). The cluster galaxies 
are separated by spectral (top panels) and morphological class (bottom panels). 
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Fig. 6. — Left: The ACS weak-lcnsing map of MS1054 from iJeeeFal] (120051') is 400" on a side where north is up and east to the left, as 
in Fig. [5] Mass contours corresponding to k = 0.1,0.2, & 0.3 are shown in red, and the positions of the 1 20 con firmed members that fall on 
the ACS imaging are shown as blue circles. Right: The smoothed XMM-Newton map of MS1054 from , Gioia e t al. C20043 is approximately 
410" on a side and has the same orientation. The X-ray contours correspond to flux obse rved in the 0.5 — lOkeV band, and the same cluster 
galaxies are shown. For a color image of the MS1054 ACS mosaic, we refer the reader to lBlakeslee et ahl II2006I ). 
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Fig. 7. — Left panels: Color-magnitude (CM) diagrams for the cluster galaxies that fall on the ACS mosaic (i;75 ~ 22.3: IGoto eFallllOOSh . 
In the top two panels, the members are separated into the three spectral types: absorption-line (open circles), emission-line (open stars), 
and post-starb urst (E-l-A; open trian gles) galaxies. In the bottom two panels, the members are separated into the three morphological types 
as classified bv lPostman et all l|2005f ): ellipticals (filled circles), SOs (filled squares), and spiral+irregulars (filled stars). The solid line in all 
four panels is the CM relation determined by fitting the 67 red absorption-line members. Right panels: For the same galaxy classes, the 
difference between their measured color and the color predicted from the CM relation; the dotted line denotes A(y — 1775) = —0.2, our division 
between red and blue members. The absorption-line members define a strikingly narrow sequence along the fitted CM relation: 67/72 have 
A(y-i775) > -0.1. 
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Fig. 8. — Top panels: CM diagrams for the same galaxy classes as in Fig. [7]but in rest-frame colors corresponding to {U — B)^ (top panels) 
and ([/ — V)z (bottom panels). The spectral types (absorption, E+A, emission) are always open symbols while the morphological types (E, 
SO, Sp+Irr) are always solid symbols. Again, the absorption-line members have the lowest scatter in color of all the galaxy types. 
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Fig. 9. — The morphological types assigned by P05 versus internal velocity dispersions: the E+SO members hav e T < while Sp i- 
ral+Irregulars have T > 1. Internal velocity dispersions have been measured for 27 of the members (errors < 50 km s~^: IWuvts et ani2004l) . 
and aio estimated for the remainder (see Tran ct al. 2003a). The symbols correspond to the spectral classifications. Most of the emission-line 
members are low mass (ai^ < 100 km s~^) systems, and more than half are Sp+Irr. Assuming the emission-line members evolve onto the 
red sequence at 2 < 0.8, they can only be low-mass, low-luminosity members. 
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Fig. 10. — Top: Smoothed composite spectra for the three different spectral types plotted in the rest-frame on an arbitrary flux scale; the 
dotted vertical lines denote [OII]A3727, H(5, G-band, and H7. We include a spectrum of the night sky-lines and indicate the noisier regions 
corresponding to corrections for telluric absorption (hatched bars); the observed wavelengths of the sky features have been divided by 1.83. H(5 
absorption is evident in all three composite spectra but is weakest in the absorption-line spectrum (Table (Jjl. Bottom: Smoothed composite 
spectra for the different morphological classes; we show a combined early-type spectrum (E+SO) as well as spect r a for th e individual types. 
We also include the composite spectrum for the 17 members that are in red, merging systems from iTVan et al] ll2005al) . H<5 absorption is 
evident in all of the composite spectra, even when only considering the ellipticals (Table l4t . 
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Fig. 11. — Using our composite spectra, we measure the spectral indices H(5a and Div(4000) to compare mean stellar ages. The different 
spectral and morphological classes are shown in the top and middle panels respectively; errorbars are smaller than the symbol sizes (see 
Table mi. The red mergers he at the same point as the absorption-line members. The solar metallicity BC03 models from Kauffma nn et aU 
II2003I ) for continuous star formation (small dots) and single starburst (curve) are included in each panel. The spectral diagnostics show that 
the composite SO spectrum has a younger mean stellar age than the composite elliptical. 
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Fig. 12. — Left Panels: Normalized }1Sa equivalent width versus offset in {V — 1775)', for clarity, we do not show the full range of values (see 
Table 1). The dotted horizontal line corresponds to HSj^ = 4A, the vertical dotted line at A(V' — 2775) = —0.2 divides blue and red members, 
and the dashed line at A{V — 4775) = —0.1 highlights the tight color distribution of the absorption-line members. Remarkably, 8/10 of the 
members in the adjacent color bin, —0.2 < A{V — 1775) < —0.1, show post-starburst signatures. We find a trend of decreasing H(5 absorption 
with color for the red members (heavy solid diagonal line; > 95% confidence). Right Panels: Histograms of A{V — 1775) for the same galaxy 
classes shown in the left panels; the vertical lines correspond to the same A{V — 1775) references. 
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Fig. 13. — To determine whether the measured trend between H<5a and A{V — 1775) is due to age or metallicity, we compare to the BC03 
single-burst models. The vertical and horizontal hues are as in Fig. 1121 (left panels), and the heavy diagonal is the fit to the red members. 
In Case 1 (dotted diagonal), we assume galaxies with constant age (3 Gyr) and changing metallicity {0.2Zq — Zq), and in Case 2 (dashed 
diagonal), we assume constant solar metallicity and ages of 1.4 — 3 Gyr. The measured fit is best matched by the trend due to age variations 
alone (Case 2; dashed diagonal). 



